Lipase-catalyzed remote kinetic resolution of citalopram intermediate by asymmetric alcoholysis and thermodynamic analysis by Wang, Shi-Zhen et al.
ORIGINAL PAPER
Lipase-catalyzed remote kinetic resolution of citalopram
intermediate by asymmetric alcoholysis
and thermodynamic analysis
Shi-Zhen Wang • Jian-Ping Wu • Gang Xu •
Li-Rong Yang
Received: 4 December 2011 / Accepted: 18 January 2012 / Published online: 4 February 2012
 Springer-Verlag 2012
Abstract Lipase-catalyzed remote resolution of the tertiary
alcohol, citalopram intermediate (diol acetate), has been
achieved. The chiral discrimination was obtained by the
Novozym435-catalyzed alcoholysis of the primary hydroxyl
ester which was four bonds away from the center. The
influence of acyl acceptor structure and the organic solvents
on the reaction rate and enantioselectivity were investigated.
Based on the thermodynamic analysis, the difference of
activation free energy between the two enantiomers which
dominated the enantioselectivity was significantly affected by
the organic solvents, while the acyl acceptor showed less
effect. In addition, the enantiomer discrimination was driven
by both the difference of activation enthalpy and activation
entropy. The thermodynamic analysis provides further
insights into the prediction and optimization of enantiose-
lectivity and reaction rate in remote resolution.
Keywords Asymmetric alcoholysis  Chiral tertiary
alcohol  Remote resolution  Citalopram 
Thermodynamic analysis
Introduction
The production of chiral building blocks containing
quaternary carbon centers is highly relevant to various
applications in fields ranging from natural products to
pharmaceuticals. However, access to enantiopure tertiary
alcohols represents an important, and also challenging task
[1]. The conventional chemical synthesis of these valuable
building blocks is still hampered by the use of harmful
reagents such as heavy metal catalysts. The enzymatic
preparation of optically pure tertiary alcohols under sus-
tainable conditions has received much attention [2].
The enantioselectivity of the enzyme-catalyzed resolution
of tertiary alcohols was generally low due to the adverse
steric hindrance of the substrates [3–6]. To improve the
interpretation of the kinetic resolution of tertiary alcohols,
the thermodynamic analysis can be applied as efficient tools.
However, a few papers dealing with the enzymatic resolu-
tion of tertiary alcohol have been published [7–9].
Citalopram is a highly selective inhibitor of serotonin
(5-HT) reuptake which has been proven to be an efficient
antidepressant. It contains a quaternary chiral center, and
almost the entire inhibition activity lies in the S-enantiomer of
citalopram [10]. The 3-[(acetyloxy)methyl]-4-[4-(dimethyl-
amino)-1-(4-fluorophenyl)-1-hydroxy-butyl]-benzonitrile (diol
acetate), a tertiary alcohol, is a useful intermediate in the
synthesis of racemic citalopram [11]. Optically active citalo-
pram is usually obtained by chromatographic separation of the
racemic citalopram, diol acetate, using chiral stationary phase
[12]. Moreover, stereoselective crystallization of the diaste-
reomeric salts of the racemic citalopram [13], didesmethyl-
citalopram [14], is also used. However, these methods involve
consumption of enantiomerically pure reagents and rela-
tively low yields. The lipase-catalyzed asymmetric transeste-
rification of diol was accomplished by Candida antarctica
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lipase B [15, 16]. Due to the spontaneous transesterification of
active acetate, the enantioselectivity of the lipase-catalyzed
reactions was relatively low [17].
The lipase-catalyzed asymmetric alcoholysis of
3-[(acetyloxy)methyl]-4-[4-(dimethylamino)-1-(4-fluoro-
phenyl)-1-hydroxybutyl]-benzonitrile in organic media
has not been studied (Fig. 1). The effective lipase for the
asymmetric alcoholysis reaction was screened and the
proper acyl acceptor and the organic solvent were selected.
Based on the thermodynamic analysis, the influence of acyl
acceptor structure and organic solvents on the activity and




The diol acetate (3-[(acetyloxy) methyl]-4-[4-(dimethyl-
amino)-1-(4-fluorophenyl)-1-hydroxybutyl]-benzonitrile) was
prepared and purified as described in the patent [11].
Novozym435 (Candida antarctica lipase B immobilized on
acrylic resin, EC 3.1.1.3) was purchased from Novozymes
(China). High-performance liquid chromatography (HPLC)
grade n-hexane and ethanol were supplied by Tedia. Other
materials were of analytical grade and commercially available.
Analytical method
Samples were analyzed by normal phase HPLC (Agilent
Technologies Series 1100 instrument), equipped with UV–
vis detector (Agilent, USA), using a CHIRALPAK AD-H
column (250 mm 9 4.6 mm i.d.) and Agilent ChemStation
for LC. The mobile phase was n-hexane: ethanol (90:10,
v/v) at a flow rate of 1 mL/min. The wavelength of UV–vis
detector was 236 nm. VR and VS were the initial rate of R,
S-enantiomer, respectively. VR was measured as CR/t, where
t denoted the reaction time (h) when the conversion rate of
substrate was within 5%. CR denoted concentration of R-diol
(mmol/L). VS was measured as CS/t, where CS denoted
concentration of S-diol. Enantioselectivity was expressed as
VR/VS value. If necessary, the reaction conditions would be
changed, and the details were explained in the text.
Enzyme assays
Diol acetate, solvents and alcohols were dehydrated with
anhydrous CaCl2 at room temperature for 2–3 days before
used. The reactions were carried out in a 10 mL vial with
17 mm diameter placed in a shaker which the rotation speed
and temperature can be controlled. The reaction was started
by the addition of lipases. The experiments were carried out
with three replicates. A 20 lL of well-stirred reaction
mixture was taken at intervals for HPLC analysis. The
lipases were dehydrated under reduced pressure at 4 C. The
reaction conditions for the screening of lipase were
60 mmol/L diol acetate, 60 mmol/L tert-butanol, 10 mg/mL
lipase, 4 mL acetonitrile, 250 r/min speed of agitation,
30 C. The reaction conditions for the screening of acyl
acceptors were 60 mmol/L diol acetate, 60 mmol/L acyl
acceptor, 10 mg/mL Novozym435, 4 mL acetonitrile,
250 r/min speed of agitation, 30 C. The reaction conditions
for the screening of organic solvents were 60 mmol/L diol
acetate, 60 mmol/L iso-butanol, 10 mg/mL lipase, 4 mL
organic solvents, 250 r/min speed of agitation, 40 C.
Thermodynamic analysis
In an enantioselective enzyme-catalyzed reaction, the
enantiomeric ratio, E, is related to the difference in acti-
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RT ln Eð Þ ¼ DDG ¼ DDH þ TDDS:







where DDG, DDH, DDS are the differences in activation
free energy, activation enthalpy and activation entropy
between the reactions converting the two enantiomers,
respectively. T is absolute temperature. Thus, by studying
the temperature dependence of the E value, DDH and
DDS values could be determined from the straight line of ln
E versus 1/T, and the results provided valuable indications
regarding the thermodynamic parameters governing the
enzyme’s enantioselectivity.
Results and discussion
Screening of the lipases
The reaction site of lipase-catalyzed alcoholysis was four
bonds away from the quaternary carbon centers of diol
acetate. There was a few literature reported on the ability
of lipases to discriminate remote stereocenters and with
relatively low enantioselectivity [18]. Various lipases
were tested, the reaction in the absence of lipase was also
carried out and there was no spontaneous alcoholysis.
Novozym435 (Candida antarctica lipase B immobilized on
acrylic resin) was most suitable by considering both
activity and enantioselectivity (Table 1).
Effect of acyl acceptor structure
Several fatty alcohols, aromatic alcohol and diol were com-
pared in this alcoholysis reaction system for studying the effects
of the acyl acceptor on the enzyme activity and enantioselec-
tivity. The acyl acceptors would affect the acyl–enzyme inter-
mediate for performing the deacylation step and influenced the
reaction rate and enantioselectivity [19]. Table 2 showed that
the initial rate increased when chain length increased from C2 to
C4, and decreased with further increasing of the chain length. A
longer carbon chain length caused more steric hindrance, while
alcohols with short-chain length have significant inhibition
effect on enzyme. Therefore, the appropriate carbon chain
length of alcohol was from four to six, matching the hydro-
phobic acyl-binding tunnel of the active site of lipase. Among
the acyl acceptor examined, the reaction with n-butanol
exhibited the fastest reaction rate and highest enantioselectivity.
The effect of butanol structure was studied with the results
shown in Table 2. The iso-butanol was chosen as the reactant
for further studies because its highest enantioselectivity.
Effect of different solvents
Organic solvent is a key factor for enzyme-catalyzed
reaction in non-aqueous media [20]. The properties of
organic solvents such as polarity have important effects on
Table 1 Screening of the lipases
Entry Enzyme Suppliers V (mmol/L/h) ees (%)
1 Novozym435 Novo
Nodisk
0.281 ± 0.026 16.0 ± 3.10
2 Rhizopus
niveus
Fluka 0.033 ± 0.003 ND
3 Candida
cylindracea
Sigma 0.003 ± 0.0004 ND
4 Alcaligenes sp. Meito
Sangyo
0.001 ± 0.0002 ND
5 Pseudomonas
sp.
Fluka 0.003 ± 0.0003 ND
6 Aspergillus
niger
Fluka 0.015 ± 0.002 0.81 ± 0.15
7 Aspergillus
oryzae
Fluka 0.017 ± 0.002 1.00 ± 0.23
8 Thermus
thermophilus
Fluka 0.030 ± 0.003 1.90 ± 0.30
9 No enzyme ND ND
Reaction conditions: diol acetate 60 mmol/L, tert-butanol 60 mmol/L,
enzyme 10 mg/mL, acetonitrile 4 mL, speed of agitation 250 r/min,
temperature 30 C
ND not detected









1 Methanol 0.177 ± 0.016 0.023 ± 0.003 7.7 5.14
2 Ethanol 0.213 ± 0.022 0.021 ± 0.002 9.9 5.78
3 n-Propanol 0.223 ± 0.021 0.018 ± 0.002 12.6 6.38
4 n-Butanol 0.274 ± 0.025 0.015 ± 0.001 18.0 7.28
5 sec-Butanol 0.303 ± 0.024 0.015 ± 0.001 20.6 7.62
6 tert-Butanol 0.265 ± 0.026 0.016 ± 0.002 16.7 7.09
7 iso-Butanol 0.450 ± 0.036 0.018 ± 0.002 24.7 8.08
8 n-Pentanol 0.136 ± 0.012 0.010 ± 0.001 13.6 6.58
9 n-Hexanol 0.133 ± 0.012 0.009 ± 0.001 15.1 6.84
10 n-Octanol 0.127 ± 0.011 0.011 ± 0.001 11.8 6.22
11 n-Decanol 0.265 ± 0.022 0.023 ± 0.002 11.8 6.22
12 Benzyl alcohol 0.180 ± 0.020 0.012 ± 0.001 15.3 6.87
13 Phenethyl
alcohol
0.322 ± 0.023 0.020 ± 0.002 16.4 7.05
14 Glycol 0.251 ± 0.025 0.020 ± 0.002 12.3 6.32
15 2-Chloroethanol 0.075 ± 0.007 0.007 ± 0.001 11.2 6.09
Reaction conditions: diol acetate 60 mmol/L, acyl acceptor 60 mmol/L, enzyme
10 mg/mL, acetonitrile 4 mL, speed of agitation 250 r/min, temperature 30 C
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the enzymatic transformations. The lipase-catalyzed reac-
tion was studied in eight different solvents in order to
deduce the solvent effect through an attempt to correlate
the reaction rate and enantioselectivity with such solvent
properties as hydrophobicity (LogP). A significant corre-
lation between -DDG, initial rate and the LogP of the
solvents is shown in Figs. 2 and 3. The alcoholysis per-
formed in methyl tert-butyl ether and isopropyl ether,
which have moderate LogP value, showed high reaction
rate but poor enantioselectivity. Moreover, the lipase
showed high enantioselectivity in acetonitrile, which has a
low LogP value, but relatively low reaction rate.
Mixed solvents were used to control the reaction
enantioselectivity and the results are shown in Table 3. The
LogP value of the mixed solvents were calculated as
LogPmixture = X1LogP1 ? X2LogP2. The X1 and X2 deno-
ted to the mole fraction of the solvents. The mixed solvents
(methyl tert-butyl ether:acetonitrile 1:3) could achieve
moderate enantioselectivity and adequate reaction rate,
thus was chosen as the reaction solvent.
Effect of temperature
The initial rates VR, VS and hence E value (defined as the
ratio of initial rates VS/VR) were estimated and represented
in Table 4. The increase of the temperature from 20 to
60 C resulted in an enhancement of VS and VR, but
decrease of E value. The thermodynamic analysis has been
proposed to investigate effects of the temperature depen-
dence of the E value in lipase-catalyzed kinetic resolutions.
The difference in activation free energy DDG for the tran-
sient states of fast-reacting enantiomer and the slow-reacting
enantiomer can be separated into the differences in activation
enthalpy (DDH) and activation entropy (DDS) [21, 22]. By
determination of the temperature dependence of the enantio-
meric ratio E, the contributions of differential activation
enthalpy, and entropy to enantioselectivity can be determined.
Using the data of Table 4, good linear relationships between
ln(E) and the inverse of absolute temperature are illustrated in
Fig. 2 Variation of -DDG along with LogP of the organic solvents
(reaction conditions: diol acetate 60 mmol/L, iso-butanol 60 mmol/L,
Novozym435 10 mg/mL, organic solvents 4 mL, speed of agitation
250 r/min, temperature 40 C
Fig. 3 Variation of initial rate along with LogP of the organic
solvents (reaction conditions: diol acetate 60 mmol/L, iso-butanol
60 mmol/L, Novozym435 10 mg/mL, organic solvents 4 mL, speed
of agitation 250 r/min, temperature 40 C
Table 3 Variation of enantioselectivity along with LogP of the mixed organic solvent
Entry MTBE/MeCN LogP VR (mmol/L/h) VS (mmol/L/h) E -DDG (kJ/mol)
1 7:1 0.680 1.850 ± 0.104 0.180 ± 0.017 10.3 6.07
2 3:1 0.430 0.868 ± 0.063 0.052 ± 0.005 16.8 7.34
3 1:1 0.074 0.740 ± 0.069 0.040 ± 0.004 18.3 7.56
4 1:3 -0.167 0.676 ± 0.065 0.034 ± 0.004 20.1 7.81
5 1:7 -0.260 0.595 ± 0.041 0.025 ± 0.002 23.8 8.25
Reaction conditions: diol acetate 60 mmol/L, iso-butanol 60 mmol/L, Novozym435 10 mg/mL, organic solvents 4 mL, speed of agitation 250 r/
min, temperature 40 C
MTBE methyl tert-butyl ether, MeCN acetonitrile
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Fig. 4. The equation was y = 1.840x - 3.044, the linear
correlation coefficient R2 = 0.998. DDH was calculated as
-15.30 kJ/mol and DDS was -25.31 J/mol/K. Therefore, an
elucidation that the enthalpic and entropic contributions to the
enantioselectivity were of similar magnitude was reached. The
resolution of remote centers is the preferred method for
the preparation of tertiary alcohols due to the adverse steric
hindrance. The thermodynamic study improves the interpre-
tation of the mechanism of solvent effects on enantioselec-
tivity in the kinetic resolution of tertiary alcohols, which can be
used for the rationalization of solvent effects and the prediction
of lipase enantioselectivity.
Conclusions
The chiral tertiary alcohol, citalopram intermediate (diol
acetate), has been obtained by lipase-catalyzed resolution.
Various enzymes, acyl acceptor and organic solvents were
screened. The remote chiral discrimination was achieved
by the Novozym435-catalyzed alcoholysis using iso-buta-
nol as acyl acceptor in the mix solvent of tert-butyl ether/
acetonitrile (1:3). The influence of acyl acceptor structure
and organic solvents were investigated. Thermodynamic
analysis revealed that the acyl acceptor show less effect
while the LogP value was a key factor governing solvent
effects on the reaction enantioselectivity and the enzyme
activity. The enantiomer discrimination was driven by both
the difference of activation enthalpy and activation
entropy. It may help to provide further insights regarding
the remote kinetic resolution mechanism, and an effective
tool to optimize the enantioselectivity and reaction rate of
enzyme-catalyzed reactions.
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